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Abstract The paper describes experimental studies of det-
onation initiation in a kerosene–oxidizer mixture in a short
test tube. The aim of the study is to determine the minimum
diameter of the tube and the minimum level of energy that
enables direct initiation of the detonation. Knowledge about
these values will inform the design of a jet engine combus-
tion chamber in which thermal energy will be generated by
a rotating detonation process. The test tube and the oxidizer
inside the tube were heated using specially designed heaters
installed outside of the tube. The heated oxidizer provided
thermal conditions similar to the conditions for a compres-
sor with small to medium static pressure. The study was
conducted for four different tube diameters and for various
energies of initiation. As a result, measurements of pressure
waveforms were obtained for various cases of fuel injection,
which were then compared against the results of the shock
wave generated by the initiator. This study provides a value
for the energy (the pressure of the mixture in the initiator),
which provided direct initiation of detonation for a kerosene–
oxidizer mixture. Different tube diameters led to the initiation
of detonation for various oxygen–nitrogen compositions as
an oxidizer.
Keywords Detonation initiation · Rotating detonation ·
Combustion chamber
Communicated by N. N. Smirnov and E. Timofeev.
J. Kindracki (B)
Institute of Heat Engineering, Warsaw University of Technology,




In recent years, detonation as a combustion process has
attracted greater attention. This is due to an increasing num-
ber of serious attempts to use it as a combustion process in jet
and rocket propulsion. The most widely studied detonation
applications are the Pulse Detonation Engine (PDE) and the
Rotating Detonation Engine (RDE). In the last few decades,
several PDE models running on gas and liquid fuels were
built and tested. Roy et al. [1] reviewed a number of PDE
engine design solutions, with different systems controlling
the operation of the combustion chamber. Rasheed et al. [2]
went a step further, describing the successful application of
the study on an 8-tube PDE design as the can-annular com-
bustion chamber working with a gas turbine. They used a
stoichiometric mixture of ethylene–air at a mass flow rate of
3.628 kg/s, and a turbine speed of 18,500 rpm. Power of 257
kW was achieved, and the tests lasted for at least 5 min.
Extensive tests on the RDE engine have a shorter history,
despite the fact that attempts at spin detonation in an axisym-
metric channel were first conducted in the late 1950s by Voit-
sekhovskii et al. [3] and Voitsekhovskii [4]. A rotating deto-
nation wave was obtained using acetylene and oxygen as the
combustible mixture. The same research attempted to repeat
the findings by Nichols et al. [5], but without positive results.
In his final report, Voitsekhovskii concluded that although
they did not achieve a positive outcome, it was not an impos-
sible aim. The next major publication dates are around the
year 2000. Bykovskii et al. [6] published images obtained
from using a velocity compensation method for mixtures of
acetylene with oxygen and hydrogen with air in a cylindrical
chamber. The sudden growth of interest in rotating detonation
can be dated to 2000, with the publication of many experi-
mental works, e.g., Wolanski et al. [7], Kindracki et al. [8],
Bykovskii et al. [9–11].
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In these studies, most of the experiments reported were
conducted with gaseous fuels. To utilize detonation, as an
alternative to deflagration, the use of liquid fuels is needed.
The scale of the difficulties involved in the detonation of het-
erogeneous mixtures is illustrated by the problems associated
with it. In the papers of Bykovskii et al. [12] and Vasil’ev et
al. [13] the authors state that for a mixture of propane–air 340
kJ of energy is required to initiate detonation. For a mixture
of kerosene–air the energy needed is much higher. According
to the research of Alekseev et al. [14] and Papavassiliou et
al. [15] this value of energy is dependent on the size of the
droplets of liquid fuel.
The first successful tests of rotating detonation in het-
erogeneous mixtures were published by Bykovskii et al.
[12]. Their article describes rotating detonation using liquid
kerosene with an oxidizer. The authors used, as the oxidizing
mixture, a 1:1 mixture of oxygen–nitrogen for the initiation
and propagation of detonation in a chamber with a diameter
of 306 mm and a channel width of 16.5 mm. An explosive
material with a mass of 0.2 g was used to initiate the process
of rotating detonation.
Kailasanath [16] described the development of research
on the detonation of liquid fuel in a broad review article. In
the paper, he focused on the problems of determining the
minimum initiation energy and a range of occurrence of det-
onation. In addition, he considered the effect of the size of
fuel droplets on detonation. These problems have a signifi-
cant impact on the design of PDE engines running on liquid
hydrocarbon fuels.
The issue of the amount of energy required to initiate det-
onation was presented by Alekseev et al. [17]. In their work,
they presented the results of detonation initiation in an uncon-
fined gasoline spray (volume of approx. 1,100 m3), and con-
cluded that the minimum energy of initiation also depends on
the kind of initiator. The study of detonation for a number of
aviation fuels (Avgas, JP8, JP10) is also described by Schauer
et al. [18]. Detonation was initiated in a tube with a length
of 1.52 m, fitted with 1.22 m Schelkin-type spirals. As for
the initiator, an additional 50.1 mm diameter tube attached
to the test tube was used. In the test, the supplied fuel was
premixed with part of the air and the rest of the air was heated
up to 360 K. The deflagration to detonation transition (DDT)
was only observed when fuel was correctly mixed with air.
In other cases, where the fuel droplets were too large or the
fuel–air mixture was inhomogeneous, there was no DDT.
Sorin and Bauer [19] presented their results of research on
THDCPD-exo/Air Mixtures (C10H16) for pressures in the
range of 1–3 bar. The experiments were conducted in a 5
m long steel tube heated up to 375 K. Vaporized fuel was
injected into the tube and mixed with air. The detonation
velocity and the cell width measurements were carried out,
and the results were similar to the calculations. It was also
found that the fuel used in the studies required the same
level of energy for detonation initiation as the propane–air
mixture. Dean et al. [20] presented a study on the ignition
of kerosene at elevated temperatures (340–373 K) in a 5 m
long tube with a diameter of 76 mm. Ignition delay time
was measured for the incident and reflected shock waves
and different mixture compositions. They found a significant
reduction in the activation energy for the cases in which the
temperature behind the shock wave was greater than 1,400 K.
Frolov and Aksenov [21] described detonation tests in a
kerosene–air mixture for a tube with a length of 3 m and a
diameter of 52 mm. Part of the tube was heated to a maxi-
mum temperature of 400 K. In order to reduce the path of
DDT, Schelkin-type spirals were fitted to the initial section
of the tube. Pre-mixed fuel and air were obtained using an
air-assisted fuel atomizer to ensure small droplets of fuel
(5−10 μm in diameter). A pre-detonator was used as an
initiator; vaporized fuel mixed with air was ignited using a
spark plug with energy in the range of 5–700 J. The results
of the experiments determined that the use of this method of
detonation initiation produces DDT at a distance of 2 m from
the point of ignition for a very low ignition energy of 5 J (as
mentioned above, about 340 kJ of energy is required for the
direct initiation of spherical detonation).
Another way to reduce the amount of energy required to
initiate detonation in a heterogeneous mixture was exam-
ined by Imbert et al. [22]. The paper presents the results of
research on liquid fuel additives that increase the sensitivity
of the mixture. The study was conducted for heptane with the
addition of nitromethane (CH3NO2) and hydrogen peroxide
(H2O2). However, the nitromethane addition only slightly
increased the sensitivity of the mixture, whereas even a small
(1 % ) addition of hydrogen peroxide reduced the induction
time by a factor of four.
Austin and Shepherd [23] describe detonation experi-
ments in JP-10 mixtures for a tube with an internal diameter
of 280 mm and a length of 7.3 m. They provided data on
the cell size for two kinds of mixtures: vapor-phase JP-10
and decomposed JP-10 surrogate. As an oxidizer, a mixture
of oxygen and nitrogen was used. They found the average
cell size for the JP-10-air mixture to be 60.4 mm, which is
comparable with the measurements provided by Akbar et al.
[24]. Moreover, this result suggests that propane fuel can be
used in initial research of detonation engines. Additionally,
they estimated the critical initiation energy for a planar ini-
tiation source for oxygen and air as an oxidizer. This energy
increases by two orders of magnitude if kerosene is detonated
in air.
Wen et al. [25] described detonation experiments in JP-
8 oxygen mixtures for a tube with an internal diameter of
101.6 mm and a length 1.143 m at elevated temperatures.
They provided data for the fuel vapor phase as a function
of temperature and pressure in the range of 1 ÷ 4 bar. The
fully vaporized temperature of the fuel was about 380 K for
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Table 1 Dimensions of the tubes used in the experiment
Tube no. 1 2 3 4
Internal diameter (mm) 24.5 34.7 44 55
Length (mm) 1,050 1,050 1,050 1,050
Volume (×10−3m3) 0.495 0.993 1.596 2.494
Heater number × power (W) 5 × 350 5 × 700 4 × 850 5 × 800
ambient pressure. Detonation initiation with a short DDT
run-up distance was observed only for fully vaporized JP-8
and oxygen (for temperature 413 K). A decrease in initial
temperature to 393 K caused a decrease in the fuel vapor
phase (to 95 % ) and an increase in the DDT run-up distance.
The present paper describes experiments that were con-
ducted in order to design a detonation chamber (for an RDE
engine) with the use of rotating detonation. Development of a
rotating detonation process for liquid fuel will be a key issue
in the implementation of this propulsion system for use in
the aerospace industry. The initiation of detonation is one of
the most difficult problems to overcome. This is due to both
the large energy required to initiate and technical implemen-
tation challenges. The matter is complicated by the fact that
air is usually an oxidizer for aircraft propulsion. The multiple
re-use of air increases the initiation energy compared with
pure oxygen oxidizer. Another problem is the proper frag-
mentation and rapid evaporation of liquid fuel jets in order to
produce an appropriate mixture. The present studies provide
the first data for proper design of the combustion chamber of
an RDE engine for liquid kerosene. The test tube was spe-
cially designed to obtain conditions approximating those in
a real combustion chamber. Therefore, it was decided to use
the direct injection of liquid fuel (without pre-evaporation)
into the test tube to fully reflect what occurs in a real combus-
tion chamber. More information on the design and concept
of an RDE chamber can be found in the papers [8,26].
2 The research stand
The main element of the test bench was a steel tube with a
circular cross-section and 1,050 mm in length, installed in a
vertical position. Four tubes of different diameters were used,
as described in Table 1. The upper end of the tube was closed
by a fuel injector. The lower end of the tube was closed by a
drain valve. In some of the experiments, the axial gas initia-
tor was replaced with a valve. The tube was equipped with
several slots for the installation of pressure and temperature
sensors as well as the oxidizer supply port. Figure 1 shows a
schematic diagram and a view of the test bench.
Each tube was equipped with a heater used to heat the
oxidizer to a chosen temperature. Heaters were connected to
a thermo-regulator to control the process of heating the tube
and maintain a stable temperature at the specified level. The
parameters of the heaters are listed in Table 1. A thermo-
regulator of the ESM 4420.5.20.0.1 type was used with a
K-type thermocouple installed on the outer wall of the tube
in order to measure the actual temperature values.
2.1 Measurement system
The measuring system consisted of two subsystems: the first
for measuring the temperature inside the tube and the sec-
ond for measuring the pressure during the experiment. The
temperature measurements inside the tube were conducted
continuously (from the beginning to the end of each test day)
by K-type thermocouples, a thermocouple amplifier and a
measuring card, National Instruments USB 6259. The tem-
perature inside the tube was measured at three points: at some
distance from both ends of the tube and in the middle of its
length. This measurement system allowed the selection of
individual power for each of the heaters in order to max-
imize the oxidizer temperature uniformly along the entire
tube. To change the power of the individual heaters, addi-
tional resistance was added to each heater. The temperatures
of the heaters and of the pressure sensor casings were also
monitored to prevent the tube equipment overheating.
The pressure measurement subsystem consisted of Kistler
603B transducers, amplifiers and a 4-channel measuring
card, NI PCI 6115, with a sampling frequency of up to 10
MHz for each measurement channel. To ensure the proper
measurement of pressure and to prevent damage, the sen-
sors were installed in special sockets cooled by water, which
allowed the temperature sensors to be kept in the range of
293–303 K. Additionally, the front faces of the pressure sen-
sors were protected by a thin layer of silicon grease. The NI
PCI 6115 card was also used to control the injection process
(onset and duration) and the time of ignition initiation in the
initiator.
Figure 2 shows the location of the pressure and tempera-
ture sensors for each tube. For the first two tubes, two pressure
transducers were used, while the tubes with the internal diam-
eters of 44 and 55 mm had three pressure sensors installed.
This was done in order to increase the accuracy of the mea-
surements. Differences in the location of transducers for each
tube resulted from the size and distribution of the heaters.
2.2 The injection system
The injection system consisted of the following parts: an elec-
trically controlled plain orifice injector, a fuel tank and a tank
of nitrogen. A simple injector design allowed precise control
of the fuel dose injected directly into the tube at a suitably
chosen time. The fuel injector was fed from a small tank
with a volume of several cubic centimetres, using inert gas
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Fig. 1 Experimental setup: a schematic diagram of the research stand:
P pressure transducers, T thermocouples, 1 tube; 2 fuel injector, 3 ini-
tiator, 4 temperature control unit, 5 vacuum pump, 6 bottle with oxi-
dizer, 7 bottle with nitrogen, 8 ignitron unit, 9 thermocouple amplifier,
10, 11 acquisition card, 12 computer, 13 pressure transducers amplifiers,
14–19 ball valves, 20 pressure manifold, 21 manometer, 22 heaters;
b view of the facility
Fig. 2 Location of pressure (P)
and temperature (T) sensors on
the test tubes: a tube diameter
24.5 mm, b tube diameter
34.7 mm, c tube diameters 44
and 55 mm
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(nitrogen) to pump the fuel to the injector. Nitrogen pressure
was, typically, 6 bar. The supply system was simple, reliable
and safe because the amount of fuel on the test bench was
minimized. The correlation between the mass flow rate of
the fuel and nitrogen pressure was determined during pre-
liminary tests. Due to the time delay in opening and closing,
the fuel mass injected into the tube can be represented by
the third degree polynomial function of time for an injection
pressure of 6 bar:
m(g) = 5 × 10−6 × t3(ms3) − 6 × 10−4 × t2 (ms2)
+ 2.91 × 10−2 × t (ms) − 6.52 × 10−2
The above relationship enabled an approximate determina-
tion of the composition of the mixture. The error of the
determined mixture composition was of the order of ±10 %.
However, it needs to be noted that it is impossible to exactly
determine the amount of evaporated fuel and took part in the
chemical reactions at the time of detonation wave propaga-
tion. Therefore, determining the mixture composition was
only a qualitative process.
2.3 The initiation system
To initiate the process of detonation in the test tube a gas
initiator was used. It was filled with a stoichiometric mix-
ture of acetylene and oxygen at the specified pressure. The
initiation mixture was prepared in a special tank, using the
partial pressure method, at least 24 h before the experiment.
The uncertainty for this method is ±1 % for the equivalence
ratio. Pressure change in the initiator allowed changes to be
made in the energy used to initiate the process. Three initiator
designs were used. They are listed in Table 2 and presented
in Fig. 3.
Installation of the initiator was possible at two positions:
perpendicular to the tube at a distance of 100 mm from the
injector and axially mounted to the base of the tube. The ini-
tiator and tube volumes were separated by a thin plastic mem-
brane with a thickness of 100 μm, which was destroyed dur-
ing each experiment. The mixture was initiated by the spark
plug and the control system. When the axial initiator was
installed to the lower end of the tube, the tube was inverted
by 180 degrees to maintain the same distance between the
initiator and pressure sensors. This way it was possible to
directly compare the results achieved using different initia-
tors. Figure 3d and e shows the locations of pressure trans-
ducers and thermocouples for all initiator configurations. In
all subsequent figures where pressure histories are presented,
the same order of pressure sensors is used.
The amount of chemical energy stored in the initiator was
estimated using the lower heat value for acetylene as a fuel
and the initial conditions of the mixture. The results are pre-
sented in Table 2. It is to be noted that the actual available
Table 2 Initiation devices used in the experiments
1 2 3 4
Initiator\tube number
No. 1 Perpendicular small Yes Yes Yes Yes
No. 2 Perpendicular large No No No Yes
No. 3 Axial No Yes Yes Yes
Initiator (diameter/length) (mm)
No. 1 Perpendicular small 10/280 10/280 10/280 10/280
No. 2 Perpendicular large – – – 20/240
No. 3 Axial – 34.7/65 44/65 55/65
Volume ratio (tube/initiator)
No. 1 Perpendicular small 22.5 45.15 72.57 113.4
No. 2 Perpendicular large – 33.07
No. 3 Axial – 16.15 16.14 16.14
Shock wave mean velocity (m/s) (created by initiator for 3 bar
in the initiator)
No. 1 Perpendicular small 875 740∗ 580 520
No. 2 Perpendicular large – – – 730
No. 3 Axial – 1,000 1,100 1,100
Available chemical energy (J) (for initial pressure inside
initiator 3 bar)
No. 1 Perpendicular small 980 980 980 980
No. 2 Perpendicular large – – – 3,362
No. 3 Axial – 1,803 4,735 7,215
∗ Value for 4 bar in the initiator
chemical energy was reduced by approximately 30–50 % .
The reduction in energy originated from the following phe-
nomena: dissociation losses, wall heat flux losses, energy
loss linked to the bursting of membranes, conversion of fuel
energy to shock wave energy, etc. The energy reduction value
was determined by comparing the chemical energy and the
energy of the shock and detonation waves.
3 Experimental results
The study was conducted for nine different oxygen–nitrogen
compositions, considering pure oxygen and air as oxidizers.
The research began with pure oxygen as an oxidizer for the
smallest diameter tube, then switched to 90 % (by volume)
oxygen and 10 % nitrogen. Changes in oxidizer took place
successively with a 10 % stepwise change in oxygen content
in the mixture until the composition of air was reached.
For a given tube, experiments were carried out until a com-
bination of tube diameter–oxidizer was found for which no
direct initiation of detonation was obtained. At this point, the
experiments were stopped, the tube was changed for a larger
one, and the research continued. In the experiments, various
energies of initiation were examined, which were changed
by changing the initial pressure in the initiator. It was also
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Fig. 3 The initiators: a perpendicular small (φ 10/280 mm); b perpendicular large (φ 20/240 mm); c axial (φ dtube/65 mm); d assembly of
perpendicular initiators; e assembly of axial initiator
possible to change the duration of injection (composition of
the mixture), and also to change the time between the injec-
tion of liquid fuel and the initiating mixture in the initiator.
By changing the delay time between injection and ignition
within 100–4000 ms, the degree of evaporation of fuel, and
its penetration and mixing with the oxidizer for the entire
length of tube research were changed.
In the paper some characteristic cases of experiments for
each of the tubes are described. Their parameters are listed in
Table 3. Two kinds of experiments were conducted: calibra-
tion and initiation. The first was concerned with the testing
of the initiator. In the tests, the initiator being ignited was
connected to the tube filled only with oxidizer. This allowed
the determination of the velocity (energy) of the shock wave
generated by the initiator. The second type of experiment was
designed to study the initiation of detonation in the mixture
under study.
As mentioned above, the tube was heated to the desired
temperature in the range of 400–465 K. This allowed thermal
conditions to be achieved that are similar to the conditions
in a real engine before the combustion chamber (compres-
sion ratio of about 6). A typical temperature history used
on the test bench is shown in Fig. 4. Measurements of these
values took place at a frequency of 10 Hz. The period of heat-
ing of the tube to a certain temperature lasted, depending on
the desired temperature and tube diameter, from 60 to 90
min. After this time, the temperature was stable and allowed
experiments to be performed. Single peaks in the temper-
ature history inside the tube shown in Fig. 4 correspond to
individual experiments. A sudden temperature drop is visible
following each experiment (especially on the green and blue
curves), corresponding to the exhaust gas discharge from the
tube and its flushing. As mentioned earlier, the average tem-
perature of the oxidizer in the tube was 400–465 K, depend-
ing on the experiment. The wall temperature at the ends of
the tube differed by about 20–50 K; the top end temperature
was higher and the bottom one lower than the average. This
was due to the vertical tube installation and the occurrence
of natural convection. The mentioned temperature difference
affected the initiation of detonation when the tube tempera-
ture was close to the self-ignition temperature of kerosene,
which is equal to about 480 K, as shown in Fig. 8d, where the
self-ignition occurred before the initiation impulse. For most
cases in the experiments, the difference recorded between
the two extreme locations should not affect the detonation
initiation. The upper part of the graph in Fig. 4 shows the
temperature on the housing pressure sensor. As can be seen,
during the experiments this value did not change by more
than 10 K, which allowed the measurements of the sensor to
be under the same environmental conditions.
3.1 Theoretical calculation
Before the experimental studies were performed, Stanjan
software [27,28] was used to calculate the velocity of det-
onation. Calculations were carried out with the assump-
tion of chemical equilibrium, the absence of heat exchange
with the environment, and the following initial conditions
of the mixture: temperature of 430 K and pressure of 1
bar. The composition of the oxidizer changed from pure
oxygen through different oxygen–nitrogen mixtures up to
pure air, and combustible mixtures varied from lean to
123
Study of detonation initiation in kerosene–oxidizer mixtures in short tubes 609













24.5 Calibration 100 % O2 Small, perpendicular 3/2.38 – 39
Initiation 100 % O2 Small, perpendicular 2 500 25
Initiation 90 % O2 + 10 % N2 Small, perpendicular 3 500 29
Initiation 80 % O2 + 20 % N2 Small, perpendicular 2 500 33
Initiation 70 % O2 + 30 % N2 Small, perpendicular 1 500 38
Initiation 50 % O2 + 50 % N2 Small, perpendicular 3.8 500 42
Initiation 50 % O2 + 50 % N2 Small, perpendicular 3.75 1,500 44
Initiation 40 % O2 + 60 % N2 Small, perpendicular 2.65 20 67
34.7 Calibration 60 % O2 + 40 % N2 Small, perpendicular 4/1.84 – 80
Initiation 60 % O2 + 40 % N2 Small, perpendicular 4 1,000 73
Initiation 50 % O2 + 50 % N2 Small, perpendicular 4 1,000 75
Initiation 50 % O2 + 50 % N2 Small, perpendicular 3 1,000 98
Initiation 40 % O2 + 60 % N2 Small, perpendicular 3.77 1,500 89
44 Calibration 40 % O2 + 60 % N2 Small, perpendicular 3/1.42 – 113
Initiation 40 % O2 + 60 % N2 Small, perpendicular 3 2,900 30
Initiation 30 % O2 + 70 % N2 Small, perpendicular 3 2,900 140
Calibration Air Axial 3 / 2.79 – 231
Initiation Air Axial 3 400 232
Initiation Air Axial 3 400 233
55 Calibration 30 % O2 + 70 % N2 Small, perpendicular 3/1.27 – 253
Initiation 30 % O2 + 70 % N2 Small, perpendicular 3.3 1,900 183
Calibration 30 % O2 + 70 % N2 large, perpendicular 3 / 1.85 – 186
Initiation 30 % O2 + 70 % N2 large, perpendicular 3 1,900 190
Calibration Air Axial 3 / 2.67 – 249
Initiation Air Axial 3 1,900 194
rich ones. Kerosene was modeled as a chemical compound
with the formula C12H23. The results of the calculations
are shown in Fig. 5a, b. The effect of the initial temper-
ature of the mixture on the CJ (Chapman–Jouguet) para-
meters was also calculated. Figure 5c,d shows only a slight
decrease in detonation velocity with increasing temperature,
whereas the increase in temperature of 200 K resulted in
almost twice the maximum pressure decrease. Such calcu-
lations were helpful in describing the results of individual
experiments.
Figure 6 shows the comparison of pressure histories for
shock waves and detonation waves. A shock wave was gen-
erated by the initiator filled with stoichiometric acetylene-
oxygen mixture with an initial pressure of 3 bar. The initiator
generates, in a 24.5 mm diameter test tube, a shock wave with
a velocity of 875 m/s (Mach 2.38 approx.) and post-shock
pressure of about 5.5 bar. Detonation waves (red and green
curves in Fig. 6) propagate in a kerosene-oxygen mixture
with the calculated CJ velocity value of 2019 m/s and mea-
sured velocity of 1886 m/s (the velocity deficit was observed
for heterogeneous detonation by, for example, Nicholls et
al. [25]). Comparison of these two pressure histories and
velocities was used to determine if it was a shock wave or
detonation. In these research stand conditions, where the test
tube wall temperature reaches about 200 ◦C for several hours,
the use of ion probes was not fully possible. The insulation
material used in the ion sensor electrode melted, making its
use impossible.
An additional method of distinguishing shock waves
and detonation must be taken into account—the one based
on the rise time of the pressure wave (shock or detona-
tion) recorded by the pressure sensors. For a rise time
of up to 5 μs, and for a propagation velocity close to
the CJ value, the wave was classified as a detonation.
For a rise time above 10 μs and a propagation veloc-
ity below 50 % of the CJ value, the wave was classi-




Fig. 4 The temperature histories in the test facility; results for a φ 44
mm tube (case from 06-05-2011): T1 upper thermocouple; T2 middle
thermocouple; T3 bottom thermocouple; T4 cooling water temperature.
Test time period: 1 heating and stabilisation of temperature, 2 stable
temperature case 1, 3 changing tube temperature, 4 stable temperature
case 2, 5 cooling tube
3.2 The tube with internal diameter of 24.5 mm
The study began with oxygen as the oxidizer for the small-
est tube diameter of 24.5 mm. The choice of this value was
dictated by the width of the detonation chamber obtained
from previous research on rotating detonation using hydro-
gen as the fuel and air as the oxidizer [26]. Measurements
in the smallest tube were conducted with only two pressure
sensors, located about 500 mm from each other. First, the
calibration test was carried out (the shock wave generated
by the initiator) for a tube filled only with oxidizer. In each
graph (Figs. 7, 8, 9, 10) time zero corresponds to the start
of the experiment. The moment of detonation initiation is
different for different cases because three experimental para-
meters were changed: kerosene injection time delay, injection
time and delay time between the end of kerosene injection
and the initiation of the mixture in the initiator. Figure 7a
shows the pressure history in the tube during the propaga-
tion of the shock wave generated by the initiator. The first
sensor is placed at a distance of 450 mm from the top end
of the tube and 350 mm from the connection place of the
initiator and the main tube. It records the incident wave and
the wave reflected from the upper end of the tube. When
the wave reaches the second sensor and the lower end of the
tube it is reflected and moves towards the upper end. The
process repeats itself more than ten times until the energy of
the shock wave is totally dissipated. By measuring the wave
arrival time, and knowing the distance between the transduc-
ers, the velocity of the shock wave generated by the initiator
can be calculated. For an initial pressure of 1 bar in the tube
and an initial pressure of 3 bar for the mixture in the initiator,
the velocity of the shock wave was found to be about 870
m/s.
Figure 7b shows the pressure history for the direct initia-
tion of detonation for a pure oxygen and kerosene mixture.
The velocity of the detonation wave was found to be equal
to 1886 m/s. Figure 7c–e corresponds to the direct initiation
of detonation for decreasing fractions of oxygen in the oxi-
dizer (up to 70 % vol. O2), and for decreasing energies of
initiation (up to pressures of 1 bar in the initiator). Results
of further tests presented in Fig. 7f–h indicate that a greater
reduction in the O2 fraction, down to 50 % and lower, makes
direct initiation impossible despite the higher energy of the
initiator. In most of these cases, the initiation of detonation
occurred only in the reflected wave, where the local pressure
increased by approximately 5 bar.
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Fig. 5 Results of the theoretical calculation of the CJ values (velocity and pressure): a, b as a function of composition of the mixture for different
oxidizers; c, d as a function of the initial temperature for the stoichiometric mixture
Moreover, the measured detonation wave velocity ranged
1,200– 1,600 m/s, which may suggest that a part of kerosene
evaporated, reacted or settled on the walls of the tube (the
heaviest fractions) during passage through the incident wave.
The values of the oxygen fraction in the oxidizer, for which
there is direct initiation of detonation in the tube, are con-
firmed by the results obtained by Bykovskii and Vedernikov
[10], who obtained detonation for the oxidizer in the form of
a 1:1 mixture of pure oxygen and nitrogen in a channel with
a width of 16.5 mm, using 0.2 g of explosive material as the
initiator.
3.3 The tube with internal diameter of 34.7 mm
The next geometry tested was a tube with a diameter of 34.7
mm. The first experiment aimed to determine the velocity
of the shock wave generated by the initiator. The resulting
value of 740 m/s is about 100 m/s lower than the velocity
obtained for the previous tube, despite higher initial pres-
sure (compare cases 80 and 39 from Table 3) in the initiator
(Fig. 8a). Figure 8b shows the direct initiation of detona-
tion for the injection of liquid kerosene to an oxidizer com-
posed of 60 % oxygen and 40 % nitrogen. Unfortunately, fur-
ther reduction of the oxygen content in the oxidizer to 50 %
(Fig. 8c) resulted in initiation, but only in the reflected waves
at some distance from the end of the tube. Detailed analy-
sis of the pressure histories, especially those recorded by
the first sensor (see time moments around 1.9908 s), shows
that there is an increase in pressure (to approximately 10–12
bar) after the shock wave passes. This can be explained by
the existence of some amount of evaporated light kerosene
fractions around the first sensor (about half way down the
tube), which took part in the burning after the shock wave
had passed. However, the energy of the shock wave and the
amount of vaporized kerosene was too small to be able to
initiate a detonation.
Figure 8d shows the case in which self-ignition occurred
before the initiation impulse. It was caused by the overly
high temperature locally (about 480–485 K) of the oxidizer
(oxygen content in the oxidizer – 50 % ). Figure 8e shows the
results of the test, where the oxygen content was decreased
to 40 %. The shock wave generated by the initiator has too
low energy to initiate detonation, even after reflection from
the ends of the tube. The wave reflected several times, losing
energy. About 100 ms after the shock wave was generated in
the initiator, the kerosene evaporated in significant quantities
123
612 J. Kindracki
Fig. 6 Comparison of shock and detonation waves from experiments:
measured values Vshock = 875 m/s, Vdet = 1,886 m/s; calculated val-
ues VCJ = 2,019 m/s, pCJ = 25.2 bar. The upper part of the figure
shows a narrow interval of the pressure history corresponding to the
moment when the detonation passes the pressure sensor
(droplets were also broken down by the propagating shock
wave) and there was self-ignition from the hot walls of the
tube. This phenomenon was observed for the temperature
in the tube close to the ignition temperature of kerosene,
which corresponded to the tube wall temperature of about
470 K.
3.4 The tube with internal diameter of 44 mm
The tube with an internal diameter of 44 mm was investi-
gated for the initiation of detonation. A preliminary experi-
ment was performed to check the velocity of the shock wave
generated by the same initiator as in the previous cases. The
initiator was installed perpendicular to the axis of the tube
at a distance of 100 mm from the top end of the tube (as
in the previous cases). As expected, the shock wave gen-
erated in the tube was weaker as a result of the increased
volume of the test tube and, consequently, a stronger expan-
sion of the initiation gases inside the test tube. An additional
pressure sensor was installed in the tube, enabling determi-
nation of the value of shock wave velocity at two successive
locations and, therefore, increasing the reliability of the mea-
surements. The shock wave velocity was found to be about
580 m/s for an initial pressure inside the initiator of 3 bar
(Fig. 9a).
Figure 9b shows that direct initiation for an oxidizer con-
taining 40 % oxygen as in the previous tube (35.7 mm diame-
ter) was not possible. Further reduction of oxygen in the mix-
ture to 30 % caused a similar effect as in the previous tube: no
initiation; only the passage of the shock wave from the ini-
tiator through the test mixture was observed (see Fig. 9c). To
check the possibility of initiating detonation in such geome-
try, the initiator energy was increased significantly. This was
done by increasing the diameter of the initiator to the tube
diameter, shortening its length to 65 mm and fitting it in the
axial position at the lower end of the tube. The ratio of tube to
initiator volume was reduced from approximately 45 to 16.
Both volumes were separated by a plastic membrane with a
thickness of 0.1 mm. Figure 9d shows the shock wave gen-
erated by the new initiator. As can be seen, it was two times
faster, and increased the pressure by a factor of 2–3 compared
to the case with a smaller, perpendicular initiator. Posterior
experiments confirmed the desirability of modifying the ini-
tiator (Fig. 9e, f). They were carried out with the use of air as
the oxidizer. The direct initiation of detonation with a short
delay time between injection and ignition was obtained.
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Fig. 7 Experimental results for 24.5 mm tube, initial pressure 1 bar,
mean temperature 433 K: a case 39; b direct initiation—case 25; c direct
initiation—case 29; d direct initiation—case 33; e direct initiation—
case 38; f explosion behind the reflected wave in partly reacted
mixture—case 42; g explosion behind the reflected shock wave—case
44; h explosion behind the reflected shock wave—case 67
3.5 The tube with internal diameter of 55 mm
The final tube studied experimentally was a tube with an
internal diameter of 55 mm. The tests were conducted for
three sizes of initiator. Two initiators were transversely
located with respect to the axis of the tube and another one
was positioned along the axis of the initiator at the end of the
tube. Figure 10a shows the presence of the shock wave gen-




Fig. 8 Experimental results for 35.7 mm tube; initial pressure 1 bar,
mean temperature 433 K: a case 80; b direct initiation—case 73; c ini-
tiation behind the reflected shock wave—case 75; d self-ignition (for
this case, tube temperature locally approaches 485 K)—case 98; e self-
ignition—long after the initiation impulse (tube temperature locally
approaches 470 K)—case 89
The next graph (Fig. 10b) demonstrates the initiation of
detonation for oxygen content of 30 % in the oxidizer. As
can be seen, the initiation of detonation was not achieved
and the shock wave velocity was increased by about 100
m/s compared to the situation where there was no fuel injec-
tion (Fig. 10a). This can be explained by the combustion
of a small amount of vaporized, mostly volatile, fractions
of kerosene. Figure 10c shows the propagation of the shock
wave generated by the second initiator (perpendicular to a
larger volume); the resulting wave velocity was about 760
m/s. As shown in the next graph (Fig. 10d), the initiator gen-
erates enough energy to initiate detonation at 30 % oxygen
content in the oxidizer. Unfortunately, in subsequent experi-
ments (using air as an oxidizer) initiation was not achieved.
Figure 10e shows the third initiator (axial) with the diame-
ter equal to the tube diameter, which generates a shock wave
with a velocity of about 1,000–1,200 m/s. Axial assembly
of the initiator allowed maximum energy to be transferred
directly into the fuel–air mixture contained in the tube. Prop-
agation of the shock wave generated by the initiator is shown
in Fig. 10e. Fig. 10f demonstrates the direct initiation of det-
onation of the kerosene–air mixture. As shown in the pre-
sented pressure histories, only a high-energy initiator was
able to directly initiate detonation in the kerosene–air mix-
ture in such a short tube as the one used in the study.
As mentioned earlier, it was impossible to exactly deter-
mine the combustible mixture composition. The reason
for this was the injection of cold kerosene: the degree
of evaporation was dependent on many factors includ-
ing the medium (oxidizer) temperature and the size of
droplets. A part of the injected droplets passes through
the entire length of the tube and settles at its cool end.
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Fig. 9 Experimental results for 44 mm tube; initial pressure 1 bar, mean temperature 433–443 K: a case—113; b direct initiation—case 130; c no
initiation—case 140; d case–231; e, f direct initiation—cases 232, 233
The situation is illustrated by the results of some
experiments.
Figure 11 shows a comparison of the two waveforms for
the tube with an inside diameter of 55 mm and the initiator
located axially. In Fig. 11 two cases are presented. Figure 11a
shows the direct initiation of detonation for a mixture with
an estimated equivalence ratio of 1.82. The resulting deto-
nation velocity is only about 50 m/s (2.6–4.3 % ) lower than
the CJ value. Figure 11b demonstrates the absence of initia-
tion of detonation for a mixture with a composition having
an equivalence ratio of about 1.41. The measured velocity of
detonation was found to be only 1,226–1,423 m/s while the
calculated value is 1823 m/s; the difference changes from 21
to 32 %. In addition, the velocity between the two measure-
ments for this experiment decreases by about 200 m/s, which
indicates that there was a strong shock wave that was addi-
tionally fed by the oxidation of a part of the fuel. There are
two possible explanations for this. The first is that there was
very small amount of vaporized fuel and therefore the actual
composition of the mixture was much leaner than the results
of the measurements indicated (from the flow rate of the fuel
injector). The second explanation for the result might be the
assumption that all the kerosene evaporate and the ignition
of the mixture needs more energy, whereas in both cases the
same energy is supplied.
Figure 12 summarizes all the experimental results obtained
for the cases described above: direct initiation, initiation by
reflected wave and no initiation. The graph is presented in
the coordinates of the amount of oxygen in the oxidizer and
the diameter of the tube. Different energies of the initiator are
marked with different colours. The existence of a quasi-linear
correlation between the diameter of the tubes and the oxy-
gen content can be clearly seen. Additionally, the minimum
energy required to obtain detonation initiation for a given
tube diameter and given oxygen content in the oxidizer can
be determined. Knowledge of the value of this energy and the
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Fig. 10 Experimental results for 55 mm tube; initial pressure 1 bar, mean temperature 433 K: a case 253; b no initiation—case 183; c case 186;
d direct initiation—case 19; e case 249; f direct initiation—case 194
Fig. 11 Experimental results for 55 mm tube; initial pressure 1 bar, mean temperature 413–433 K, axial initiator with 3 bar pressure, ignition
delay 400 ms: a equivalence ratio ≈1,82 ± 0.2, VCJ = 1,786 m/s; b equivalence ratio ≈1,41 ± 0.2, VCJ = 1,823 m/s
diameter of the tube will inform in practical terms the design
of the geometry of the chamber in which it would be possible
to initiate rotating detonation for liquid kerosene and air as
the oxidizer.
4 Summary and conclusions
The paper presents the results of research on the initiation of
detonation in a mixture of kerosene–oxidizer for 1.05 m long
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Fig. 12 The possibility of
obtaining direct initiation of
detonation as a function of
oxygen in the oxidizer and the
diameter of the tube (colours
signify different initiators: black
small, perpendicular; blue large,
perpendicular and red axial)
tubes with various internal diameters. The test stand was spe-
cially designed to simulate the geometry and conditions for
a realistic combustion chamber. The injection of liquid fuel
at a temperature of about 300 K was designed to simulate
real conditions in the combustion chamber. The process of
fragmentation of the jets of fuel and its evaporation occurred
shortly after injection into the test tube, making it an even
closer approximation of real conditions. This approach made
it difficult to precisely determine the composition of the fuel–
oxidizer mixture due to the lack of knowledge regarding the
quantity of kerosene which evaporates before the detonation
wave arrives.
Nevertheless, the approach does take into account the
impact of these processes on the magnitude of the energy
required to initiate the process of detonation within a very
short distance. Furthermore, the location of the first pressure
sensor close to the place (approximately 400 mm) where the
initiator connects to the research tube, enables one to deter-
mine whether or not the initiation of detonation was direct.
This applies to the cases where the detonation is initiated
just after the exit of the initiator. This is connected with the
method adopted for determining whether there is a detona-
tion or shock wave (e.g., see Fig. 8b). Results of studies con-
ducted under other conditions where the fuel was pre-heated
or vaporized are widely available in the literature (Schauer
et al. [18], Sorin and Bauer [19], Frolov and Aksenov [21]).
The direct initiation of detonation was obtained for each
test tube for different types of oxidizer (see Fig. 12). For
the tube with the smallest diameter (24.5 mm) detonation
was obtained for an oxidizer composition ranging from pure
oxygen to a mixture of 70 % O2 +30 % N2 using the initiator
with the lowest energy (840 J). For the tubes with diameters
of 44 mm and 55 mm direct initiation of detonation was
obtained for kerosene–air mixtures. Shock waves generated
by the initiator and recorded at the first pressure sensor had
a velocity of about 1,200 m/s. Taking into account the dis-
tance from the sensor to the entrance of the initiator and the
method of shock wave generation, it can be concluded that the
wave had a much higher velocity just after the entrance to the
tube.
For cases where it was impossible to directly initiate deto-
nation for a given tube diameter and composition of oxidizer
(e.g., the tube with a diameter of 24.5 mm and an oxidizer
of 50 % O2 + 50 % N2) the detonation was initiated imme-
diately after the shock wave reflected from the end of the
tube. For example, Fig. 7a shows an increase in the reflected
shock wave velocity of about 200 m/s in relation to the inci-
dent wave velocity. This velocity rise significantly increases
the chances of initiating detonation. This observation indi-
rectly confirms the observations made by Dean et al. [20].
They noted a significant decrease in activation energy when
the shock wave temperature exceeded 1400 K. Further reduc-
tion in the volume fraction of oxygen in the oxidizer causes
an inability to initiate detonation in the fuel–oxidizer mixture
for the same initiator energy. In addition, a further increase
in the initial temperature of the oxidizer with an unchanged
energy of initiator causes only self-ignition of the mixture
(see Fig. 8d). In summary, these studies offer information
data on the geometry of the designed detonation chamber
and on what initiator must be used to effectively initiate the
detonation of a heterogeneous fuel–oxidizer mixture.
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